Background. Natural killer (NK) cells are an important component of the innate immune defense against viruses, including hepatitis C virus (HCV). The cell culture system using HCV-permissive Huh-7.5 cells make studies on interaction of NK cells and HCV-infected target cells possible. We used this system to characterize interactions of HCV-infected Huh-7.5 cells and NK cells from healthy controls and patients with acute HCV infection.
Background. Natural killer (NK) cells are an important component of the innate immune defense against viruses, including hepatitis C virus (HCV). The cell culture system using HCV-permissive Huh-7.5 cells make studies on interaction of NK cells and HCV-infected target cells possible. We used this system to characterize interactions of HCV-infected Huh-7.5 cells and NK cells from healthy controls and patients with acute HCV infection.
Methods. IFNa-and IL-2 stimulated NK cells were cultured with HCV-infected hepatoma cells and subsequently analyzed (for degranulation and cytokine production) via multicolour flow cytometry. Luciferase assyas have been used to study inhibition of HCV replication. Further, PBMC from patients with acute hepatitis C as well as HCV-infected Huh7.5 cells have been analyzed via flow cytometry for expression of NK cell receptors and ligands, respectively.
Results. After interferon (IFN) a stimulation, NK cells from healthy controls and patients with acute hepatitis C efficiently recognized both HCV-infected and uninfected hepatoma cells. Subsequent dissection of receptor-ligand interaction revealed a dominant role for DNAM-1 and a complementary contribution of NKG2D for NK cell activation in this setting. Furthermore, IFN-a-stimulated NK cells effectively inhibited HCV replication in a DNAM-1-dependent manner.
Conclusions. Human NK cells recognize HCV-infected hepatoma cells after IFN-a stimulation in a DNAM-1-dependent manner. Furthermore, interaction of IFN-a-stimulated NK cells with HCV-infected hepatoma cells efficiently reduced HCV replication. This study opens up future studies of NK cell interaction with HCVinfected hepatocytes to gain further insight into the pathogenesis of human HCV infection and the therapeutic effects of IFN-a.
Hepatitis C virus (HCV) infection is a major global health burden with an estimated 130 million people chronically infected worldwide [1] . Hepatitis C virus is an enveloped RNA virus belonging to the family of Flaviviridae; it has a 9.6-kb genome encoding for a large polyprotein that is processed into structural and nonstructural viral proteins [2] . Since the discovery of HCV, its properties have undergone intense studies [2] . However, until a few years ago, it was not possible to reproduce the complete life cycle of HCV in vitro. This hampered investigations of immune cell interactions with HCV-infected cells. The development of a HCV cell culture system that allows complete replication of the virus in vitro [3] [4] [5] has opened up new possibilities for studies of the virus and interactions between HCV-infected cells and the host immune system [6] . Here, we have used this system to study natural killer (NK) cell interactions with HCV-infected hepatoma cells and their ability to inhibit HCV-replication.
Natural killer cells are CD56
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CD3
2 lymphocytes belonging to the innate immune system [7] . They represent 5%-15% of peripheral blood mononuclear cells (PBMCs). Interestingly, NK cells are highly enriched in the liver where they make up 30%-40% of intrahepatic lymphocytes [8] . They can directly eliminate virus-infected and transformed cells [7, 9] . They recognize target cells via a germ-line-encoded repertoire of activating and inhibitory receptors [10] . Numerous activating receptors, such as NKG2D, NKG2C, the natural cytotoxicity receptors NKp30, NKp44, and NKp46, and DNAM-1, have been described [11] [12] [13] . Inhibition is mediated mainly via the inhibitory killer immunoglobulinlike receptors (KIR) and NKG2A, which recognize classical and nonclassical major histocompatibility complex class 1 molecules, respectively, on target cells [10, 11] . Although the role of adaptive immunity in spontaneous clearance of acute hepatitis C is well established [14] , less is known about the direct role of NK cells in controlling HCV infection. Genetic association studies comparing patients who spontaneously cleared HCV infection with those who developed chronic hepatitis C have identified a link between HLA-C1:KIR2DL3 homozygosity and the resolution of infection [15, 16] . Furthermore, a number of studies, which have investigated phenotype and function of NK cells in patients with chronic hepatitis C, have demonstrated changes in the expression levels of individual inhibitory and activating receptors and consequently alterations in NK cell functionality [17] [18] [19] [20] . However, few studies have more directly attempted to dissect the direct interaction between NK cells and HCVinfected target cells [21, 22] .
We recently showed that interferon (IFN) a-stimulated NK cells up-regulate tumor necrosis factor (TNF)-related apoptosisinducing ligand (TRAIL) to enable lysis of both HCV-infected and uninfected hepatoma cells [23] . From that point, the present study was designed to further characterize the interaction between NK cells and HCV-infected hepatoma cells with respect to target cell molecules involved in NK cell activation and the ability of NK cells from healthy controls and patients with acute hepatitis C to reduce HCV replication. We demonstrate that IFN-a-activated NK cells require DNAM-1 for recognition of HCV-infected hepatoma cells, and that this recognition efficiently reduces HCV replication in the infected cells.
MATERIALS AND METHODS
HCV Huh-7.5 Hepatoma Cell Culture System Hepatitis C virus (strain Jc1G) was produced as described elsewhere [24, 25] . Huh-7.5 cells were cultured in Dulbecco's modified Eagle medium with 10% fetal calf serum (Life Technologies), 100 U/mL penicillin G, 100 lg/mL streptomycin, and 1x nonessential amino acids (Invitrogen). For infection, filtered HCV-containing culture supernatant was added to Huh-7.5 cells and incubated for 1 week; additional fresh media was added on day 3 or 4. The rate of infectivity was verified by flow cytometry with intracellular staining using a monoclonal antibody for HCV-NS5A protein (clone 9E10) [3] . The infection rate was .50% in all experiments culturing HCV-infected Huh-7.5 cells with effector cells.
Patient Material
Six patients with acute hepatitis C were recruited at Hannover Medical School, Hannover, Germany. All patients gave informed consent for participation in this study. The study was part of a protocol that had been approved by the ethics committee of the Hannover Medical School. Patient characteristics are given in Supplementary Table 1 .
Healthy donors were recruited at the Karolinska University Hospital, Stockholm, Sweden, and the Hannover Medical School. Peripheral blood mononuclear cells were isolated through standard density-gradient separation and either cryopreserved or used fresh in experiments.
Antibodies Used for Flow Cytometry
The Supplementary information includes details on antibodies used for flow cytometry, phenotyping of HCV-infected and uninfected Huh-7.5 cells and NK cells from healthy controls and patients with acute hepatitis C, and flow cytometry staining details.
Functional NK Cell Assays
In some experiments, NK cells were purified using the NK Cell Isolation Kit (Miltenyi). Purified NK cells were used in parallel with whole PBMCs in coculture experiments with target cells to verify similar levels of responsiveness comparing purified NK cells and whole PBMCs. In more detail, whole PBMCs or purified NK cells were stimulated overnight with 100 ng/mL IFN-a-2a (PBL InterferonSource) or 1000 U/mL interleukin 2 (IL-2) (Proleukin; Chiron) or incubated in medium alone without stimulation. After stimulation, PBMCs or NK cells were washed once with phosphate-buffered saline (PBS) and resuspended in complete Roswell Park Memorial Institute 1640 medium.
Effector cells were cocultured with Jurkat, K562, HepG2, Hep3B, Huh-7, and Huh-7.5 cells in a ratio of 1:1 for isolated NK cells and 10:1 for whole PBMCs, as described elsewhere [26] . Briefly, to measure degranulation and cytokine production by the effector cells, GolgiPlug (BD Bioscience) was added after a 1-hour culture. After an additional 5 hours of incubation, cells were stained with anti-CD107a-fluorescein isothiocyanate, anti-CD56-phycoerythrin (PE)-cyanine 7 (Cy7), anti-CD3-Pacific Blue, anti-CD14-electron coupled dye (ECD), and Live/Dead Fixable Aqua Dead Cell Stain Kit or with anti-CD107a-PE, anti-CD56-PE-Cy7, anti-CD3-Pacific Blue, anti-CD14-Horizon V500, anti-CD19-Horizon V500, and Live/Dead Fixable Aqua Dead Cell Stain Kit for 20 minutes at 4°C in the dark. Cells were washed twice with PBS containing 5% fetal calf serum; cells were incubated in BD Cytofix/Cytoperm for 20 minutes at 4°C. Intracellular staining for IFN-c and TNF-a was performed as described in the Supplementary information. Luciferase Assay to Measure HCV Replication Huh-7.5 cells were transfected by electroporation with a reporter virus genome carrying a luciferase-reporter gene (Jc1-Luc [27] ), as shown elsewhere [27] . Forty-eight hours after transfection, Huh-7.5 cells were trypsinized and 40 000 cells were seeded per well in a 24-well plate. After 5-6 hours, 0.2 3 10 6 NK cells were added for 8 hours and then washed away. Target cells were lysed to determine HCV replication via firefly luciferase assays, as described elsewhere [28] . All luciferase assays were performed in duplicate. For the coculture, purified NK cells stimulated overnight with 100 ng/mL of IFN-a-2b (Intron A; Essex Pharma) or incubated in medium without stimulation were dim NK cells from healthy controls; fold increases are normalized to the respective resting sample to each cell line. Fresh isolated PBMCs, either rested or stimulated with IL-2 or IFNa overnight, were cocultured with different target cell lines. *P , .05, **P , .01, and ***P , .001 (Wilcoxon signed rank test).
used as effector cells. Before their addition to transfected Huh-7.5 cells, NK cells were washed once with PBS. During the coculture, 10 lg/mL anti-DNAM-1 antibody was added to block interaction of NK cells and transfected Huh-7.5 cells. As a control, IgG1 antibody was used.
For assessment of noncytolytic effector mechanisms, supernatants obtained from coculture of Huh-7.5 cells and previously IFN-a-stimulated purified NK cells were added to HCV-infected (Jc1-F-Luc) Huh-7.5 cells. Replication of HCV replication was determined after 48 hours via luciferase assay. During culturing of HCV-infected Huh-7.5 cells, 10 lg/mL anti-IFN-c (clone NIB42) or anti-TNF-a antibody (clone MAb1) was added. As a control, IgG1 antibody (clone P3.6.2.8.; all eBioscience) was used.
Statistical Analyses
Data are presented as means 6 standard errors of the mean. For preparation of diagrams, Prism 5 software (GraphPad Software) was used. For statistical analyses of coculture assays, nonparametrical paired t tests (Wilcoxon) were used.
RESULTS
Recognition of HCV-Infected and Uninfected Huh-7.5 Cells by NK Cells From Healthy Controls and Patients With Hepatitis C
To investigate how NK cells from healthy controls and patients with acute hepatitis C recognize HCV-infected target cells, we used the recently developed HCV cell culture system [4] . Thawed PBMCs from healthy donors, either kept without stimulation or stimulated overnight with IFN-a or IL-2, were exposed to HCV-infected or uninfected Huh-7.5 cells. CD56 dim (low expression levels of CD56) NK cells were subsequently analyzed by flow cytometry for degranulation and production of IFN-c and TNF-a. Unstimulated CD56 dim NK cells did not respond to HCV-infected or uninfected Huh-7.5 cells, whereas those stimulated with IFN-a and, to a lesser extent, IL-2, responded with degranulation and cytokine production ( Figure 1A) . Stimulation with IFN-a induced multifunctional NK cell responses (ie, simultaneous degranulation and production of IFN-c and TNF-a) ( Figure 1C) .
No difference in NK cell responses could be detected when comparing HCV-infected and uninfected Huh-7.5 cells ( Figure 1A ). Next, we investigated whether NK cells from patients with acute hepatitis C also were able to recognize HCV-infected or uninfected Huh-7.5 cells ( Figure 1B) . Phenotypically, NK cells from patients with acute hepatitis C displayed an overall activated phenotype expressing higher levels of activation receptors ( Figure 3D-F) . With respect to function, CD56 dim NK cells from these patients showed a pattern of responsiveness similar to that of CD56 dim NK cells from healthy controls ( Figure 1A and 1B) .
Because IFN-a stimulation of NK cells seemed to be a prerequisite for strong NK cell responses against HCV-infected and uninfected Huh-7.5 cells, and because IL-2 caused only a minor increase in degranulation and cytokine production, we next addressed whether the observed IFN-a dependency on eliciting strong responses against hepatoma cells was specific for this type of target cell. To do this, we evaluated NK cell responses to the lymphoma cell lines K562 and Jurkat as well as the hepatoma cells lines Huh-7, Huh-7.5, HepG2, and Hep3B (Figure 2) . Taken together, the data convey that resting NK cells respond poorly against hepatoma cell lines, with low levels of degranulation and cytokine production, yet exhibit strong responses against K562 and Jurkat cells. On the other hand, IFN-a stimulation was associated with a more efficient potentiation of NK cell responses against hepatoma cells, as compared with stimulation by IL-2. However, this was not the case for NK cell responses against K562 and Jurkat cells, in which IFN-a and IL-2 increased NK cell function to a similar level (Figure 2) .
To conclude, NK cells from healthy controls and patients with acute hepatitis C recognized Huh-7.5 cells. This recognition depended on activation of NK cells by IFN-a. Unlike its effect on other target cells, IL-2 was not as effective as IFN-a at activating NK cells against hepatoma cell lines, including HCV-infected or uninfected Huh-7.5 cells.
Effect of HCV Infection on NK Cell-Receptor Ligand Expression in Huh-7.5 Cells
Because NK cells responded equally well with respect to degranulation and cytokine production when cocultured with HCV-infected and uninfected Huh-7.5 cells, it was reasonable to assume that HCV does not cause any major changes in the hepatoma cells that might affect recognition by NK cells. To confirm this, we evaluated the expression patterns of multiple ligands for activating and inhibitory NK cell receptors on HCV-infected and uninfected Huh-7.5 cells (Figure 3A-C ). An infection rate of 25%-75% was used, allowing a direct comparison of differences in NK cell receptor ligand expression on HCVpositive and HCV-negative Huh-7.5 cells within the same sample ( Figure 3A) . Uninfected Huh-7.5 cells stained positive for the DNAM-1 ligands CD112 and CD155 for 2 of 6 investigated NKG2D ligands as well as for CD102 and CD54, both ligands for lymphocyte function associated antigen 1 (LFA-1) ( Figure 3B ). As hypothesized, infection with HCV did not cause any major changes in the expression level of the investigated NK cell receptor ligands on Huh-7.5 ( Figure 3B and 3C) . We next aimed to identify the specific receptor-ligand interaction responsible for NK cell recognition of HCV-infected and uninfected Huh-7.5 cells. Because Huh-7.5 cells expressed Figure 4C ). Subsequently, we investigated whether NK cells from patients with acute hepatitis C also required DNAM-1 to respond against HCV-infected Huh-7.5 cells. Similarly to findings in healthy controls, degranulation and cytokine production of CD56 dim NK cells from patients with acute hepatitis C were efficiently inhibited by DNAM-1 blocking. Infection of the target cells by HCV did not change the DNAM-1 dependency for NK cell recognition ( Figure 4D ). The results are further supported by the finding that DNAM-1 expression levels were not altered by IFN-a stimulation ( Figure 4E ) and did also not differ between healthy controls and patients with acute hepatitis C ( Figure 3E and 3F) . Together, these results suggest that IFN-a-stimulated CD56 dim NK cells from patients with acute hepatitis C and healthy controls recognize HCVinfected and uninfected Huh-7.5 cells in a DNAM-1-dependent manner.
Inhibition of HCV Replication by NK Cells via DNAM-1
One of the advantages of implementing cellular assays with HCV-infected Huh-7.5 cells is the opportunity to evaluate the specific ability of NK cells to exhibit antiviral effects. We used this option to test NK cells for the direct inhibition of HCV replication and, if inhibition was observed, to determine whether it was DNAM-1 dependent. To do this, NK cells were cocultured with Huh-7.5 cells that had been transfected with an HCV genome expressing a luciferase-reporter gene [27] . Interestingly, HCV replication, as measured by luciferase activity, was only slightly affected by the addition of IFN-a alone.
Resting nonactivated NK cells had a modest effect on HCV replication, whereas HCV replication was greatly reduced when NK cells had been prestimulated with IFN-a ( Figure 5A ). Here, blocking of DNAM-1 almost completely restored HCV replication ( Figure 5A ). Except for contact-dependent cytotoxic mechanisms for inhibition of HCV replication, it is plausible to assume that soluble factors such as cytokines might also have the capacity to reduce HCV-replication. To further investigate the effect of soluble factors on HCV replication, supernatants of Huh-7.5 cells cocultured with previously IFN-a-stimulated purified NK cells were added to HCV-infected Huh-7.5 cells, leading to reduced HCV replication ( Figure 5B ). HCV replication could be partially restored by addition of blocking antibodies against IFN-c and TNF-a ( Figure 5B ). We have shown elsewhere that TRAIL is involved in killing of HCV-infected Huh-7.5 cells [23] ; thus, it is plausible that TRAIL, found in the supernatant, is also responsible in part for the inhibition of HCV replication. To summarize, these data suggest that IFN-a-stimulated NK cells can efficiently reduce HCV replication in hepatoma cells. This effect is mediated primarily via DNAM-1.
DISCUSSION
Cumulative evidence suggests that NK cells contribute to the control of HCV infection. In this article we show the following 3 things: (1) NK cells from healthy controls as well as patients with acute hepatitis C can efficiently recognize HCV-infected hepatoma cells when stimulated with IFN-a and suppress replication of the virus; (2) HCV infection does not alter the expression of NK cell receptor ligands on hepatoma cells; and (3) the induction of effector functions in IFN-a-stimulated NK cells, following coculture with hepatoma cells, depends on the activation receptor DNAM-1.
We show here that efficient recognition of hepatoma cells by NK cells is dependent on IFN-a stimulation. This finding is rather surprising, because previous studies investigating the interaction between NK cells and various malignant cell types have indicated that stimulation of NK cells with IL-2 is sufficient [29, 30] . Thus, we conclude that immunomodulatory effects of IFN-a in the treatment of HCV infection can be attributed, at least partly, to induction of functional changes of NK cells enabling them to recognize hepatoma cells. Of note, a significant proportion of IFN-a-stimulated NK cells cocultured with hepatoma cells was polyfunctional. The reduction of HCV replication could be due to lysis of infected cells [23] as well as noncytotoxic mechanisms [21] .
Overall, HCV infection did not induce any obvious changes in expression levels of various NK cell receptor ligands. This could suggest that functional impairment of NK cells in HCV infection is mediated mainly by direct effects on the NK cells rather than by interference of HCV with NK cell receptor ligands on the target cells. Support for this probability comes from earlier descriptions of the inhibitory effects of HCV-E2 protein on NK cell function [31, 32] . However, a more recent study did not confirm these findings using full infectious particles instead of HCV-E2 protein [33] . In our hands, NK cells from patients with acute hepatitis C were functional and responded to IFN-a stimulation in vitro equally well as NK cells from healthy controls. However, we did not have the possibility to directly compare the functional characteristics of NK cells from patients with acute hepatitis C and healthy controls. There might be interindividual differences in the intrinsic capacity to respond to IFN-a, because PBMCs from patients who respond to treatment with IFN-a show higher up-regulation of TRAIL upon IFN-a stimulation in vitro than do PBMCs from patients who do not respond to such treatment [23] .
NKp30 expression may be altered in chronic hepatitis C [17, 22, 34] , and the molecule has been designated as a mediator of interactions between NK cells and antigen-presenting cells [35] . Recently, it was shown that the inhibitory effects of myeloid-derived suppressor cells on NK cells are mediated via NKp30 [36] . The role of NKp46 in hepatitis C remains controversial [17, 19, 34, 37] ; nevertheless, this receptor is involved in interactions between NK cells and antigen-presenting cells and tumor cells [35, 38] . However, neither NKp30 nor NKp46 seemed to be involved in NK cell recognition of Huh-7.5 cells. NKG2D partially contributed to the recognition of hepatoma cells by IFN-a-stimulated NK cells, yet the most dominant effect was evident in the presence of DNAM-1. DNAM-1 is expressed by almost all human NK cells, T cells, and monocytes [39] . To the best of our knowledge, no data are available on the role of DNAM-1 on NK cells in either acute or chronic hepatitis C. However, the DNAM-1 is involved in the interactions between NK cells and numerous tumor cells, including melanoma, ovarian carcinoma, leukemia, and neuroblastoma cells [40] [41] [42] [43] . Moreover, DNAM-1 is involved in the killing of dendritic cells [44] . The ligands for DNAM-1, CD112, and CD155 are 2 related molecules belonging to the nectin family [45] . Importantly, CD155 is highly expressed on Huh-7.5 cells, indicating that hepatoma cells are indeed delivering signals to NK cells via CD155:DNAM-1 interaction. However, our results cannot exclude the possibility that ligation of additional NK cell receptors is required to induce full NK cell effector functions against HCV-infected hepatoma cells.
Because the recognition of hepatoma cells by NK cells required stimulation with IFN-a, and because this recognition was mediated by DNAM-1, one could speculate that the effect of IFN-a was mediated via changes in DNAM-1 receptor expression. However, this was not the case. Stimulation of NK cells with IFN-a in vitro did not affect DNAM-1 expression on NK cells. Although NK cells from patients with acute hepatitis C exhibit an activated phenotype, DNAM-1 expression was not altered, as compared with healthy controls. Thus, these data suggest that IFN-a may alter the intracellular signaling of DNAM-1. Alternatively, IFN-a may regulate another yet unknown receptor on NK cells, with DNAM-1 acting as a coreceptor.
DNAM-1 has been shown to amplify effector functions of immune cells as a stimulatory molecule in various contexts, including allergic inflammation [46] , autoimmune diseases [47] , and viral infections such as human immunodeficiency virus infection [48] . Thus, DNAM-1 has already been suggested as a therapeutic target for modulating immune responses [12] . For example, NK cell responses against tumors and pathogens might be augmented by DNAM-1 activation. Therefore, understanding in detail how IFN-a enhances DNAM-1-dependent recognition of hepatoma cells might lead to the identification of potential therapeutic targets to enhance innate immunity against not only HCV infection but also other hepatotropic pathogens and primary hepatocellular carcinomas. Conversely, blocking DNAM-1 could down-regulate immune responses against hepatocytes, which may have implications in the context of autoimmune hepatitis.
It is important to bear in mind that results reported here were obtained using a tumor cell line as a model system and not primary hepatocytes. Recently, however, persistent infection with HCV has been demonstrated in primary human hepatocytes [49] , which will provide an interesting ground to substantiate the present results.
In conclusion, IFN-a increases recognition of HCV-infected and uninfected hepatoma cells by NK cells from patients with acute hepatitis C, potentially contributing to the control of HCV infection. This effect is mediated via DNAM-1. Understanding the detailed molecular mechanism by which IFN-a modulates DNAM-1-dependent interactions of NK cells with hepatoma cells may help identify novel immunomodulatory treatment approaches for hepatitis C.
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